Background and Objective-During laser therapy of port wine stain (PWS) birthmarks, regions of perfusion may persist. We hypothesize that such regions are not readily observable even when laser surgery is performed by highly experienced clinicians. The objective of this study was to use objective feedback to assess the acute vascular response to laser therapy.
INTRODUCTION
Port wine stain (PWS) birthmarks are vascular malformations consisting of ectatic blood vessels in the papillary and upper reticular dermis [1] . Pulsed dye laser (PDL) therapy is the standard approach to treat these birthmarks. Unfortunately, complete disappearance of the PWS infrequently occurs, with a success rate of ~10% [2, 3] . Previous studies have presented results suggesting that specific PWS skin characteristics are associated with treatment outcome, yet the outcome largely remains unpredictable on an individual patient basis and even from site to site on the same patient [4] .
The intended goal of laser therapy is acute photocoagulation of the PWS microvasculature. A common metric used clinically to assess photocoagulation is purpura (i.e., bluish-gray skin discoloration) formation. However, purpura formation may indicate other phenomena besides vessel photocoagulation. For example, laser-induced rupture of blood vessels can lead to increased hemoglobin content diffusing into the perivascular space, without concurrent vessel photocoagulation [5] . Such an event also would manifest itself as purpura formation. Moreover, due to the overall poor success rate of laser therapy to achieve complete PWS removal, a reasonable conclusion is that purpura formation itself is insufficient as a prognostic indicator. Thus, there is a critical need for an alternate method to assess the degree of photocoagulation achieved during therapy.
To assess blood flow in PWS vessels, only a few studies exist in the peer-reviewed literature. In general, either laser Doppler imaging [6] [7] [8] or Doppler optical coherence tomography [9] [10] [11] has been employed. In particular, with Doppler optical coherence tomography evaluation of PWS skin, the authors acknowledge the potential of blood flow characterization as a means to monitor PWS skin during laser therapy and retreat if photocoagulation of targeted vessels has not occurred.
Laser Doppler flowmetry (LDF), a noninvasive method to characterize tissue perfusion, has been commercially available since the early 1980s. However, LDF is essentially a point measurement instrument, and hence can characterize only a small fraction of the PWS vasculature. Laser Doppler perfusion imaging (LDPI) employs a mechanical scanner to achieve a two-dimensional map of tissue perfusion. Moreover, this instrument requires a long scan time, even for modest (i.e., 256×256) pixel dimensions [6] , which increases the likelihood of image corruption by motion artifacts. Thus, to assess the degree of photocoagulation in a practical manner, there is critical need for a faster vascular imaging platform.
To elucidate the blood flow dynamics during laser surgery, a clinical laser speckle imaging (LSI) instrument has been developed [12] , which can provide wide field images to objectively characterize PWS skin perfusion dynamics in real time at specific sites on the lesion. LSI relies on acquisition and analysis of a single image captured at an exposure time that is considerably longer than a characteristic correlation time associated with the fluctuation frequency [13] . Under such conditions, motion of particles, such as red blood cells, induces a blurring of the speckle pattern and hence a loss in speckle contrast [14] [15] [16] . A simplified speckle imaging equation has been derived which relates speckle contrast with local blood flow information [12, 13] . The advantages of LSI over laser Doppler imaging and Doppler optical coherence tomography include speed, cost, simplicity, and potential ease of integration into current laser systems.
In the present study, a clinical LSI instrument was used to collect speckle reflectance images from PWS patients undergoing PDL therapy, with two specific aims: (1) determine the mean perfusion change associated with PDL therapy; and (2) determine the frequency at which regions of persistent perfusion are present.
MATERIALS AND METHODS

Clinical LSI Instrument
We have used LSI to measure the blood perfusion of PWS skin [12] . A primary design consideration was to collect raw speckle images with subjects positioned as comfortably as possible. To this end, an articulated arm was used as the base platform to provide flexibility in instrument positioning. Continuous-wave HeNe laser light (λ = 633 nm, 30 mW, Edmund Industrial Optics, Barrington, NJ) is delivered to the target area with an optical fiber and diffusion glass ( Fig. 1 ). We selected this method for beam expansion over a diverging lens because of the higher degree of homogeneity within the irradiated field that could be achieved at a comparable speckle contrast (unpublished data). Raw speckle reflectance images are collected with a 12-bit, thermoelectrically cooled CCD camera (Retiga2000R, QImaging, Burnaby, BC, Canada) with a sensor size of 1,600×1,200 (H×V) pixels. Image data are transferred via FireWire connection to a PC for storage, processing, and visualization. Customwritten LabVIEW software (Version 8.0, National Instruments, Austin, TX) is used to control all aspects of image acquisition and processing. With a macro lens (Edmund Industrial Optics) attached to the camera, the field of view has dimensions of 4 cm×3 cm.
Human Subjects
LSI measurements were performed at two research sites: the Beckman Laser Institute and Medical Clinic, University of California, Irvine; and the Laser and Cosmetic Dermatology Center, Scripps Clinic, San Diego, CA. A total of 22 subjects (13 female, 9 male) with facial PWS enrolled in the study. The mean age of the subject pool was 29.8 years (age 10-59 years). Seventy-six measurement sessions were evaluated. The measurement protocol was approved by the Institutional Review Boards at University of California, Irvine and Scripps Clinic. Prior to imaging, each subject reviewed and signed an informed consent form.
Imaging Protocol
LSI before, and 40minutes after, laser treatment-Speckle image data were collected from 20 subjects, both before, and ~40 minutes after, laser therapy. Various lasers were used to treat these subjects, including the modified V-beam (577 nm, Candela Laser Corporation, Wayland, MA), V-beam (Perfecta, 595 nm, Candela Laser Corporation), C-beam (585 nm, Candela Laser Corporation), Cynergy (595 nm and 1,064 nm, Cynosure, Inc., Westford, MA), and alexandrite (755 nm, Candela Laser Corporation) (see Table A1 for complete list of treatment parameters). For all treatments, laser therapy was performed in conjunction with cryogen spray cooling (CSC). After treatment, patients undergoing general anesthesia were allowed to recover, after which a second set of speckle images were collected.
LSI for monitoring dynamic blood perfusion-
To study blood perfusion dynamics immediately after laser therapy, speckle images were collected from two subjects before and at intervals of 5 minutes, for 30 minutes after laser therapy.
Data Analysis
To quantify changes in blood perfusion, the mean speckle flow index (SFI) value of the treated area was calculated using a simplified speckle imaging algorithm [17] . Percentage mean changes in mean SFI value were calculated via Equation (1): (1) To quantify the heterogeneity in the resultant blood perfusion map collected, histogram-based analysis was performed on post-treatment images. We arbitrarily selected post-treatment data in which at least a 20% reduction in perfusion was observed, to focus attention on data sets in which a clear reduction in mean perfusion was observed. The interquartile range (IQR) was applied to estimate the range in the SFI values within the treated area in each SFI image. IQR is the distance between the 75th percentile and the 25th percentile. Therefore, the IQR is minimally affected by outliers or extreme values. We then calculated the degree of heterogeneity (DoH) as: (2) To facilitate analysis, the DoH results were separated into four groups: 0.1-0.3 (i.e., low DoH), 0.3-0.5 (moderate), 0.5-0.7 (high), and 0.7-0.9 (very high).
RESULTS
Purpura Formation Is Insufficient as a Prognostic Indicator of Photocoagulation
To demonstrate this point, we present a representative example in which regions of persistent perfusion are visible in the region of visible purpura, immediately after laser treatment ( Fig.  2 ).
Summary of Mean Perfusion Reduction Assessment
Collectively, we observed a mean perfusion reduction of at least 20%, in 71% (54/76) of the treatment sessions ( Fig. 3 ). In Figures 4 and 5, we present two representative cases of perfusion reduction with either moderate or low DoH, respectively, in the resultant perfusion image. Note that the images in Figures 2 and 4 were acquired from the same patient. However, images in Figure 4 were acquired during a second treatment session which occurred 20 weeks later.
Summary of DoH Assessment
As described above, we quantified DoH for the 54 measurement sessions in which a mean perfusion reduction of 20% or greater was achieved ( Fig. 6 ). Of these sessions, 21 (38%) were graded as low DoH, 21 (38%) as moderate DoH, 12 (22%) as high DoH, and 1 (2%) as very high DoH. These data demonstrate that a heterogeneous perfusion field (i.e., high and very high DoH) occurs frequently (24% of the 54 treatment sessions), suggesting the potential role of LSI for image guidance during laser therapy of PWS birthmarks.
Dynamics of Blood Perfusion Immediately Following Laser Therapy
Based on preliminary observations that blood perfusion immediately after laser therapy tends to be higher relative to baseline conditions. Hence, we studied the course of blood perfusion changes during the 30 minutes period immediately following laser therapy. We calculated mean SFI values from a ROI in SFI images before(baseline) and 5, 10, 20, and 30 minutes after laser therapy ( Fig. 7) . Compared to the baseline image, perfusion was elevated from baseline values by 29% at 5 minutes after laser treatment, 12% at 10 minutes, and 11% at 20 minutes following treatment. A similar time course of perfusion dynamics was observed for both subjects. These preliminary data suggest that a period of ~30 minutes after treatment is required for the overall acute effects of laser therapy to be adequately assessed properly.
DISCUSSION
In a previous study [15] , we presented data demonstrating that LSI has a linear response range for flow rates of 0 to 5 mm/seconds, with a velocity dynamic range of 60 dB. Due to the lowflow nature of PWS vessels, this range is expected to cover the flow rate range of PWS vessels. The corresponding SFI value range is from 0 to ~1,000. For experiments in which we observed a > 20% reduction in perfusion, we compute mean SFI values of ~1,100 and ~700 from images taken before and after treatment, respectively.
The formation of purpura after PDL therapy is associated with inflammation, edema, and hypoxia in the upper layers of the skin. The concomitant change in color has been associated with photocoagulation of the vasculature and hence is routinely used as a clinical endpoint of PDL therapy [18, 19] . In this study, purpura was used as a treatment endpoint, yet our SFI data indicate that an appreciable decrease in blood perfusion was observed only 71% of the time (Fig. 3 ). Of these "successful cases," regions of persistent perfusion (i.e., either high or very high DoH) occurred 24% of the time (Fig. 6 ). These data strongly suggest that an alternate treatment endpoint is required, as purpura formation alone appears to be a suboptimal predictive factor of photocoagulation. With use of clinical LSI, the location of these regions could be studied and immediately retreated during the same patient visit. We expect that such a treatment protocol would lead to a significant improvement in treatment outcome, and we believe further study is warranted.
For experiments in which we observed a > 20% reduction in perfusion, we compute mean SFI values of ~1,100 and ~700 from images taken before and after treatment, respectively. The range of pretreatment SFI values was between 500 and 3,000. To estimate the precision of our instrument, we conducted experiments in which we collected speckle data from a skinsimulating phantom. The phantom contained a well filled with Intralipid to simulate blood perfusion. From 10 such experiments, we computed a mean SFI value of 819 ± 24, and a coefficient of variation of 3%. Hence, the mean change in SFI values associated with laser treatment of PWS birthmarks, is an order of magnitude greater than the precision of our instrument, and these data collectively suggest that our DoH metric is appropriate to characterize quantitatively the treatment response.
We postulate that the presence of regions of persistent perfusion indicates an incomplete treatment outcome. Active blood flow through the undertreated, patent microvasculature of the PWS can serve as seed locations from which new PWS vessels can sprout, resulting in at least partial reformation of an abnormal vascular network. Hence, immediate retreatment of the regions of persistent perfusion is expected to minimize the chance that PWS vessels will revascularize.
In this study, we used LSI as a passive perfusion monitoring tool and hence did not use LSI to dictate which laser systems or parameters were employed by the treating clinicians. The wide range of treatment parameters used in this study (Table A1 ) highlights the need to establish an objective method to determine which treatment parameters to utilize on each patient. Several published studies [20] [21] [22] have shown that the treatment efficacy may have a strong dependence on individual PWS skin characteristics, such as vessel size, diameter, and depth. Hence, observation of regions of persistent perfusion may suggest that an alternate treatment protocol would target more effectively an individual patient's vasculature [23] . With use of clinical LSI, different treatment parameters (i.e., pulse duration, spot size, wavelength, etc.) could be readily evaluated to ascertain which combination yields the greatest degree of vascular shutdown.
Immediately after laser therapy, we typically observe an increase in perfusion (Fig. 7A,B) , which was an unexpected finding. We believe that the cause of this immediate increase is the hyperemic response of vasculature which remains uncoagulated after pulsed laser irradiation. Heat diffusion from the excited hemoglobin molecules homogenizes the elevated temperature field. To remove efficiently the excess heat, the blood flow in patent vasculature increases, resulting in a measurable increase in SFI values. Our preliminary data collected from two subjects suggest that steady-state perfusion is reached ~30 minutes after laser therapy (Fig. 7) . Hence, the data we present in Figures 2-5 represent the steady-state response of PWS vasculature to pulsed laser therapy.
Based on Hohenleutner et al. [24] , photocoagulation of the vessel wall with the PDL, is generally limited to a maximum depth of 0.65 mm, even in areas at which deep vessels are not shielded by more superficial vessels. The authors' data suggested a mean coagulation depth of 0.37 mm. In vitro experiments in our lab on tissue phantoms suggest that our LSI instrument possesses a contrast-to-noise ratio greater than unity for depths <0.6 mm (unpublished data). Collectively, these data suggest that the skin depth interrogated with our LSI instrument matches well with the depth of effect of the PDL. Furthermore, they suggest that the regions of persistent perfusion commonly observed correspond to insufficiently coagulated, superficial vasculature.
After treatment, most subjects were asked to apply an ice pack to the treated skin. Hence, the treated skin was actively cooled between the pre-and post-treatment imaging sessions. Preliminary data collected from untreated normal skin of volunteers suggest that ice-pack application induces a slight increase (16%, n = 3) in SFI values, followed by a return to nearbaseline values within ~3 minutes. We attribute the increase in SFI due to thermoregulation of the skin. Thus, our preliminary data suggest that the observed perfusion reduction after laser therapy is not due to an artifact of active cooling with an ice pack.
CONCLUSIONS
In general, a decrease in skin perfusion is observed during pulsed laser therapy of PWS birthmarks. However, a heterogeneous perfusion map was frequently observed. These regions of persistent perfusion may be due to incomplete photocoagulation of the targeted vessels. Our preliminary data suggest that ~30 minutes is required to differentiate regions of persistent perfusion from vasculature which temporarily dilates to remove excess heat. We hypothesize that immediate retreatment of these regions identified with LSI, will result in enhanced removal of the PWS vasculature. Future study is warranted. A: Schematic of clinical LSI instrument, first described in Ref. [12] . B, C: Clinical LSI instrument in action. Based on SFI images collected before and 40 minutes after laser treatment, over 76 treatment sessions, we postulate that the acute vascular response to laser therapy varies considerably. A perfusion reduction > 20% (i.e., left of the dashed line) was observed in 71% of the treatment sessions. In contrast, in 12% of the treatment sessions, an increase in mean SFI was observed. Summary of DoH outcomes for the 54 treatment sessions in which a mean perfusion of reduction of at least 20% was obtained. Over the initial 30 minutes after laser therapy, the perfusion of the treated PWS region is dynamic. Top: Photograph from male Caucasian patient with PWS on the left side of the face. Bottom: SFI images taken from ROI enclosed in the solid black line (A) immediately before; and (B) 5 minutes, (C) 10 minutes, (D) 20 minutes, and (E) 30 minutes post-treatment. Compared to the baseline image (A), the mean SFI value of the region enclosed by the dashed line was 29%, 12%, and 11% greater than baseline values at 5, 10, and 20 minutes after treatment, respectively. At 30 minutes after treatment, the mean SFI value was 4% below the baseline value.
